INTRODUCTION
The Earth's crust contains 1.6 ppm of 238 U and 5. 235 U, being relatively short lived, is depleted to some extent, whereas the other primordial radionuclides are present in the Earth in sufficient amounts and will continue to exist for millions of years to come to pose a radiological threat to the animal life. 4) The exposure to radiation from primordial sources is a universal fact and there is no place on the Earth without ionizing radiation. 5 ) 238 U, 232 Th and 40 K are found everywhere on the Earth; in rocks, soil, water and foodstuff. There are three types of radiations to which human beings are exposed. These include: i) gamma radiation, mainly from the decay chain of 238 U, 232 Th and 40 K, ii) alpha radiation from the decay of radon gas, iii) alpha and gamma radiation from the intake of radioactive materials present in foodstuff like table salt, etc. 6) Rock salt (hereafter called salt) is an important constituent of the foodstuff all over the world. A large quantity of the salt is prepared for human consumption in various forms whereas huge quantities go to different industries for the manufacturing of assorted chem-icals for the human use.
Gamma radiation is emitted by the radionuclides present in the materials surrounding the human beings in their place of living, working or in the underground mines, etc. 7, 8) Radon, a naturally occurring radioactive gas, has three isotopes 222 Rn, 220 Rn and 219 Rn produced respectively from the decay of 238 U, 232 Th and 235 U. As far as radon exposure is concerned, 222 Rn is the most significant among its isotopes due to its longer half life (3.82 d) than others, hereafter radon means 222 Rn. The early deaths among the underground miners in Germany, former Czechoslovakia and USA were attributed to the lung cancer 9) caused by the prolonged exposure to radon in the mines. 10, 11) Since then, radon has been the most extensively studied gas due to its carcinogenic effects. It has been pointed out by Stewart and Simpson 12) that more than 90% of the dose delivered to the lungs is from the short-lived daughter products of radon, namely 218 Po, 214 Pb, 214 Bi and 214 Po, rather than 222 Rn itself. The third and an important source of radiation is through the intake of radioactive materials present in the food chain like water, foodstuff, etc. 13) From the ingestion of foodstuff, the potassium ingested by us contains 0.0117% of radioactive 40 K which decays and imparts beta and gamma energy to the human body. 14, 15) For example 140 g of potassium in a normal male contains 0.0165 g of 40 K that decays and emits radiation in our bodies equivalent to 4400 Bq. About 98% these disintegrations take place within body cells, and are potentially capable of altering the cell's DNA. The beta and gamma radiation, emitted at a higher intensity by 40 K can produce internal and external damage to the body.
It is, therefore, important to quantify the levels of radioactivity in the living and working environments and its impacts to the biosphere. Two types of studies were carried out in the Khewra Salt Mines to evaluate the levels of radiation doses to the salt extraction workers and visitors, exposed directly, and salt consumers, exposed indirectly. First, salt samples were analyzed using a High Purity Germanium (HPGe) Gamma Spectrometer to determine the concentration of the primordial radionuclides ( 226 Ra, 232 Th and 40 K) which are the sources of external radiation exposure to the miners and visitors, and the sources of internal radiation exposure to the general public through the inges- Fig. 1 . Location map of Khewra Salt Mines is shown by a red circle. Salt Range Thrust, which has exposed the salt formation and other older rocks, passing through Mandi Bahauddin, Khewra, Dandot, Buchal Kalahan, Pail, Rukha Mandi and beyond, can be clearly be seen in the map. 54) tion of salt and water in their eatables. Second, the concentration of 222 Rn was measured using the active (RAD-7) as well as passive (SSNTD) techniques for knowing about the exposure of the miners and visitors to alpha particles from radon and its decay products.
KHEWRA SALT MINES
It is said that during the visit of Alexander to South Asia, salt at Khewra was discovered. The discovery, however, was not made by Alexander nor his "companions", but by his horses. It is stated that when Alexander's army stopped in this area for relax, the horses started licking the stones. Alexander's soldiers took notice of it and tasted the stones as salty, thus leading to the discovery of the salt in this area.
The Khewra Salt Mines are located in district Jhelum 160 km south of Islamabad, the Capital of Pakistan. Situated in the foothills of the Salt Range, the mines are the oldest in South Asia. The latitude and longitude of the study area is 32°.55´ N and 73°.14´ E, respectively as shown in Fig. 1 . The location of the Khewra Salt Mines in the geological map is shown in Fig. 2 . The Khewra Salt Mines have been estimated to contain a total of 220 million tons of salt deposits and are the world's second largest reserves of rock salt. The current annual production from the mine is 465,000 tons. The Khewra Salt Mines complex has 17 stories with 11 below the ground level. The total length of all tunnels is more than 40 km covering an area of about 119 km 2 . There are seven salt seams with a cumulative thickness of about 150 m which cover an area of about 110 km 2 as an irregular domelike structure in Pre-Cambrian rocks. The salt of Khewra mines is transparent, white, pink and reddish to beef-color red. At these places the rock salt is 99% pure NaCl.
The main tunnel at ground level was developed by Dr.
Warth in 1872 but has now been converted into a tourist resort. The current design and layout of the tunnels inside the mines was prepared by Mr. Niaz Ali Khan, a professional civil engineer then serving as Sub-Divisional Officer (SDO) in the Mines Department, during the first quarter of the 20th century.
MATERIALS AND METHODS

Gamma spectrometry of salt samples
Sample collection and preparation Ten salt samples were collected from different locations of the mine to represent the overall salt body. The samples were crushed into grains of about 1000 μm in size and dried in an oven at 110°C for 24 h. 16, 17) Reference material MH (844) A, obtained from IAEA was used for the calibration of the detector.
18) The samples and reference material were sealed in the standard Marinelli plastic beaker for 30 days to bring 222 Rn and its short lived daughter products in equilibrium with 226 Ra. [19] [20] [21] [22] More detail about sample treatment is given somewhere else. 23, 24) Activity measurements
The system employed for the measurement of activity concentration of the primordial radionuclides in salt samples consisted of an HPGe detector and a preamplifier cooled with liquid nitrogen, a PC installed with a card containing spectroscopy amplifier, ADC and an MCA. The detector was kept in the lead shield with copper and aluminum lining. As a matter of routine the background spectrum was collected at the weekends. Gamma spectrum of every sample was collected for 30,000 s and was stored in the PC based MCA. After measurement, the gamma ray spectra were analyzed with the help of Gamma-W software loaded in the PC based MCA. Activity concentration of 226 
Ra and
232 Th were determined on the basis of averaged activity concentration of their most abundant daughter products which have formed the photo peaks at several energy channels. The photo peaks of Tl at 338.32 keV and 583.14 keV, respectively, were used for measuring the activity concentration of 232 Th. 25) Activity concentration of 40 K was also determined on the basis of its single photo peak at 1460.80 keV. 25) Further details for calculating activity concentration can be seen somewhere else. 23, 26, 27) 
Radon measurements
Active method RAD-7 is both a sniffer and a continuous 222 Rn and 220 Rn monitor, which gives the spectrum printout at the end of each measurement cycle. RAD-7 has a factory designed Lab. drying unit containing desiccant used for controlling the humidity below 10%, before determining the concentration Fig. 2 . Geological Map of Salt Range showing the location of Khewra Salt Mines and various lithologies exposed in the area. The Salt Range Formation containing salt is exposed at a number of places along the southern margin of Potwar Plateau for more than 100 km (E. H. Pascoe, 1920) . 55) of 222 Rn & 220 Rn. The RAD-7 has a provision to preset for 1-or 2-day protocol for radon measurements after which it prints an hourly graph showing variations in the 222 Rn/ 220 Rn present in the environments or emission from the ground. The RAD-7 was placed at different positions in the main tunnel of the Khewra Salt Mines. The instrument was run on the 1-day protocol for radon measurements. At the end of the whole measurement of each 1-day protocol period, the print of the spectrum was obtained.
Passive method
For the long term integrated output, the Solid State Nuclear Track Detection (SSNTD) technique was employed during the present study. 28, 29) The Box-Type Dosimeters made up of a plastic material with dimensions of 11 mm × 25 mm × 25 mm were used. The two sides of the frame contain slits of 1 mm × 20 mm for the entry of 222 Rn into the dosimeter. The frame was covered from both sides with two square lids. Below these lids, CN-85 plastic track detectors were placed as shown in Fig. 3 . These dosimeters, along with track detectors were sealed in thin polyethylene bags. The thin polyethylene bag around the dosimeter not only protect the detectors from humidity and dust but also block radon daughters while allowing 222 Rn to permeate into the bag. 30) Similarly 220 Rn being short lived (55.6 s) is decaying before penetrating into the thin polyethylene cover around the box type dosimeters.
A total of 30 dosimeters were properly catalogued and installed in the mine at different locations, as shown in Fig.  4 . These sampling points are mainly located within the main tunnel; however, some dosimeters were also placed close to the working areas and in the relatively isolated/closed chambers to see the build up of radon.
After an exposure of 30 days, the dosimeters were removed from the mine but out of 30 only 26 dosimeters were retrieved. The CN-85 detectors were detached from the dosimeters and chemically etched in 6 M NaOH solution at 50°C for 60 minutes to enlarge the latent tracks produced by the alpha particles from radon. After etching, ultrasonic cleaning and drying, the tracks were counted under an optical microscope with magnification of 400 X. An average of the tracks from 100 field of views was changed to track density for each detector in the Khewra Salt Mines. . The estimated factor is due to statistical fluctuations in the measurement and uncertainty in radon concentration. Track-density to radon-concentration conversion factor depends on many factors. For a particular environment and conditions (such as dosimeter and track etching recipes), the conversion factors is constant. 
Assessment of radiological hazard
The radiological hazard in the salt mines of Khewra can be classified as external hazard of gamma rays from the salt walls and slabs; and internal hazard of alpha particles of radon and its daughters in the mine environment, and the ingestion of rock salt. Annual effective dose from the external exposure to gamma rays and that from the internal exposure to radon and the intake of salt have been addressed as follows:
Gamma dose above salt slab Gamma dose rate on a slab of salt can be assessed by using the model developed for the estimation of dose above soil slab where the primordial radionuclides are uniformly mixed in the soil. The external dose over salt slab was calculated using the following relation; 5) Dout=0.462ARa + 0.604ATh + 0.0417AK (1) where, ARa, ATh and AK are the activity concentrations (Bq kg Indoor absorbed gamma dose rate The indoor absorbed gamma dose rate, was calculated on the basis of specific gamma activity of 226 Ra, 232 Th and 40 K, present in the salt by using the formula, given in the UNSCEAR (2000) 5) and applied by Turhan;
where Din is the indoor absorbed gamma dose rate (nGyh 
Effective gamma dose
Annual effective external dose due to gamma rays was calculated using the following relation; ), and F is dose conversion factor (Sv Gy -1 ).
Exposure to radon daughters
The exposure to radon daughters in the Khewra Salt Mines was calculated on the basis of the measured radon concentration using the following equation and EPA methodology. 32) (4) where E R is exposure to radon daughters in WLM y -1 , R C is the radon concentration in Bq m -3 , 2.7 × 10 -4 is the factor for the conversion of radon concentration to the WL per Bq m -3 , F is the equilibrium factor, n is the occupancy factor, 8766 indicates total hours in the year taking into account the leap years, and 170 indicates the total working hours per month.
Radon effective dose
The annual effective dose due to radon in Khewra Salt Mines was calculated using the following formula; 33 )
where, D E is the annual effective dose in mSv y -1 due to radon daughters, E R is the exposure to radon daughter in WLM y -1 as per equation (4) and DCF is the dose conversion factor (mSv per WLM).
Excess lifetime cancer risk
The excess lifetime cancer risk (ELCR) due to radon exposure in the Khewra Salt Mines was determined using the following equation based on the methodology adopted in EPA report (2003);
where, ER is the exposure to radon daughter in WLM y -1 as per equation (4), T is the average life time expectancy, that is 67 years in Pakistan, as per UNICEF 34) and FR is the risk coefficient factor for exposure to radon in equilibrium with its daughters. Based on the recommendations of ICRP (2009), the FR is taken as 5 × 10 -4 per WLM.
35)
Annual effective ingestion dose (H)
The annual effective dose to an adult individual due to the intake of natural radionuclides from rock salt is estimated using the following relationship; 36) 
where, H is the annual effective dose (Sv) due to ingestion of radionuclides from the consumption of rock salt, Ai is the activity concentration of radionuclides in the ingested rock salt (Bq kg 
RESULTS
A typical gamma ray spectrum of a sample of salt from Khewra mine is shown in Fig. 5 . The peaks corresponding to 226 Ra and 232 Th could hardly be observed in the spectra of any salt samples, which indicate that the concentrations of 226 Ra and 232 Th were below the detection limit. The peak of 40 K is prominent in the spectrum. The peak at energy 222 Rn concentration values, determined with the Box-Type Dosimeters based on the track density measurements, are given in Table 3 . Its values varied from 31 ± 6 to 56 ± 8 Bq m . This average is slightly higher than 38 ± 7 Bq m -3 as reported earlier from Pakistan by other workers which is given in the Table 4 . 38) Radiological hazard was assessed from the measured concentration of 40 K in the salt samples and 222 Rn concentration in the environment of salt mines. The external hazard was due to gamma rays emitted by salt and the internal hazard was due to inhalation of 222 Rn gas and ingestion of table salt. The dose rate 1 m above the semi infinite salt slab was calculated using Eq. 1 and results are given in 39)
The annual effective gamma dose was estimated based on Eq. 3 and results are given in Table 1 . In the calculation of effective gamma dose rate, the annual exposure time in the mine environment was taken as 3650 hours per year. The value of occupancy time was 0.42 taken from 10 h per day which was the estimated time spent in the indoor mine environment. The dose conversion factor was 0.7 Sv/Gy used as per report of UNSCEAR (2000). 5) The calculated values of annual effective dose for all rock salt samples ranged from 0.8 to 6.0 μSv y -1 , with an average of 3.1 ± 1.7 μSv y -1 , which is much lower than the worldwide average value of 0.41 mSv y -1 .
5)
The exposure to radon daughters was calculated by applying Eq. 4. The value of equilibrium factor 'F' for indoor exposure was taken as 0.4, the occupancy factor 'n' indicates the time for which a worker stays in the indoor mine environment (taken as 0.42 on the basis of about 10 h daily working time). The exposure to radon daughters (ER) is calculated from radon concentration in Khewra Salt Mines and results are given in Table 3 . The E R ranges from 0.07 to 0.13 WLM μy -1 with, an average value of 0.10 ± 0.01 WLM y -1 . The annual effective dose due to 222 Rn in Khewra Salt Mines was calculated using Eq. 5 and results are given in Table 3 . For the determination of annual effective dose due to 222 Rn in the salt mines, the dose conversion factor of 5.75 mSv per WLM was used.
5) The annual effective dose varies from 0.41 to 0.75 mSv y -1 , with an average value of 0.56 ± 0.10 mSv y -1 . The excess lifetime cancer risk (ELCR) was calculated using Eq. 6 and results are given in Table 3 . The ELCR due to 222 Rn progeny in the Khewra Salt Mines varies from 0.24 to 0.43 % with an average of 0.33 ± 0.05%, which is very nominal. The annual average intake of rock salt is considered to be 1.2 kg for adults in Pakistan as assessed by Pakistan Medical and Dental Council (PMDC). 40) The annual effective doses due to the intake of naturally occurring 40 K in the rock salt has been calculated for adults using Eq. 7 and results are given in Table 1 . The annual effective ingestion dose (H) has been calculated from the concentration of 40 K and its values vary from 5.6 to 38.6, with an average value of 20.0 ± 11.1 μSv y -1 .
DISCUSSION
Activity concentration
The overall concentration of 40 K is much lower than the typical activity concentration in rock salt.
5) The reasons for the absence of 226 Ra and 232 Th and the presence of potassium in the salt of Khewra mines may be explained as follows:
The salt at Khewra is found in the Salt Range Formation of Cambrian age (500 million years old).
41) The Salt Range Formation is composed of Billani Salt Member which contains ferruginous red marls and a salt bed more than 650 m thick, Bandar Kas Gypsum Member which consists of massive gypsum with dolomite and clay beds and Sahwal Marl Member which is composed of marls, gypsum and dolomite beds and some salt seams. So there is a close association of salt beds and massive gypsum (CaSO 4 . 2H 2 O) beds in the Khewra area. The brine density is expressed as salinity Baume (°Be). In a sedimentary basin, at a salinity of 13-24 °Be, gypsum gets precipitated earlier leaving all other constituents in the solution.
42) The salt on the other hand is precipitated at a later stage when brine density approaches to 3 °Be. Due to chemical affinity, the 226 
Ra and 232
Th are precipitated along with gypsum at a salinity of 13-24 °Be. This advantageously eliminates the radioactivity, due to 226 Ra and 232 Th, from the common salt precipitating in a sedimentary basin.
43) 40 K, another naturally occurring radionuclides has immense importance in human body functions and metabolism, on the other hand has a different precipitation pattern due to its high solubility in the brine. That is why it is precipitated at a later stage along with salt. This is the probable mechanism under which 226 Ra and 232 Th have been removed from the salt at Khewra Salt Mines. 
Radon concentration
The measurement made by the RAD-7 has shown an average of 26 ± 4 Bq m -3 of radon ( 222 Rn) concentration which indicates low emission of radon by the rock salt. This average value of radon concentration is quite lower than that measured in most of the houses of the world.
44) The RAD-7 measurement is based on 24 hours cycle, whereas the measurement by the passive technique is based on 30 days average 0.50-7.00 -integrated value and is more reliable. The diurnal variations in radon levels shown by RAD-7 may be attributed to the changes in the ventilation cycle due to the changes in the climatic conditions outside the mines. The peak radon values are observed at midnight when artificial ventilation system is closed. After that, there is a sudden drop in the radon level, which may be due to temperature rise outside the mine to instigate the natural ventilation cycle. Also, there is another drop in the radon concentration at the start of mining shift due to start of artificial ventilation cycle. Then an increase is again observed in radon levels due to the start up of mining activity.
Geologically there is no radon source in this part of the mine except the rocky material located in the beginning of the mine. It has been estimated that radon from the rocky part of the mine and even from outside is being drifted in the salty part of the mine by the natural and forced ventilation. On the basis of radon levels, the Khewra Salt Mines can be divided into two zones namely a) high radon zone, which contains radon concentration more than 45 Bq m -3 and b) low radon zone, which has radon concentration less than this value. The high radon zone is located at the beginning of the mine, where four dosimeters (2-5) were installed; see Fig.  4 and Table 3 . The high radon zone is composed of rocks of Kirana Group and Hazara Formations. 39, 45) These are the Pre-Cambrian rocks and contain uranium minerals in traces which yield radon. The higher radon concentration was also observed in the dosimeter No. 15 with respect to its surrounding dosimeters shown in Fig. 4 , which may be due to the excess release of radon from rock-salt as an effect of tectonic forces exerting pressure at the rock-salt contact in the mine.
The low radon concentration zone starts from the rocksalt contact and continues in the rest of mine through the Main Tunnel, Motor Way and Mall Road in the salty part of the mine. The salty part of the mine is about 575 m long. The salt is more than 99% pure with no other mineral in any form. As a rule the salty part of the mine should be radon free, but the present study indicates the presence of radon activity in the range from 32-52 Bq m -3 at this part of the mine as well. The low levels of radon in the Khewra Salt Mines are due to the low emission of radon from salt rocks, which are exposed in the mine and effective forced as well as natural ventilation. The main reason for this low concentration is the non existence of naturally occurring radioactive decay series in the rock salt. The Khewra Salt Mines have a good ventilation system, both natural and artificial. Some of the high radon concentration points in the low radon zone may be due to the entry of radon in the mine through the cracks, small faults etc. present in the salt body or through radon bearing solutions percolating in the mine through the channels in the salt developed as a result of solutional activity over millions of years. Some of the brine ponds, which are completely concealed and are made up of 100% salt, also contain radon in sufficient amount. One such brine pool is located in the interior of Sheesh Mahal. This pool is completely made up of 100% salt but still contains a radon concentration of 36 ± 6 Bq m -3 as indicated by the dosimeter No. 28 installed in the brine pond area. This radon seems to have been brought in by the incoming waters and then released in the mine environment. In general, however the present study and previous work carried out in this respect indicate that radon level in the Khewra Salt Mines is lower than the other non-uranium mines.
5) The average concentration of radon in Khewra Salt Mines were below the action level of 500-1500 Bq m −3 recommended by the International Commission on Radiological Protection (ICRP 1993).
46)
Health hazard
The external hazard due to gamma rays in this study is based on the measured concentration of 40 K only. The minimum and maximum values of gamma dose above salt slab were estimated in the samples "09" & "04", respectively. The average of total gamma dose in this study was less than the Table 2 . 13, [47] [48] [49] [50] According to UNSCEAR report (1988), the permissible level of gamma dose rate is 55 nGyh -1 .
44) The average of total absorbed gamma dose rate observed in this study was much lower than the worldwide average values as given in Table  2. 13, [47] [48] [49] [50] As per this index, the Khewra Salt Mines are very safe for the miners from radiological hazard point of view. As per report of the UNSCEAR (2000), the range of (Din) is from 20 to 200 nGyh -1 with an average of 84 nGyh -1 .
5) The average of annual effective gamma dose rate (3.1 ± 1.7 μSv y -1 ) has been calculated as per report of UNSCEAR (2000).
5) The average of total annual effective gamma dose in this study was less than that in the mines in other parts of the world as shown in the Table 2. 13,47-50) The International Commission on Radiological Protection (ICRP) has recommended the annual effective dose equivalent limit of 1 mSv y -1 and 20 mSv y -1 for the individual members of the public and the radiation workers respectively.
46)
The internal hazard is based on the measurements of radon daughters and the annual intake of 40 K. The average value of exposure rate to radon daughters is much lower than the values reported from other mines in the world. 5) As per US law, an underground miner should not be exposed to a radiation exceeding 4 WLM y -1 .
5) The average of annual effective dose due to radon daughters is much lower than the values reported for other mines in the world as given in the Table 4. 5,38,51,52) The estimated average annual effective dose due to radon daughters for the present study, however, is well below the effective dose of 20 mSv y -1 (the reference level recommended by ICRP in its publication 103) due to radon in workplaces.
53) The average of Excess Lifetime Cancer Risk (ELCR) is less than the estimated lifetime cancer risk of 1.3% due to a radon exposure of 148 Bq m -3 (action level of EPA) for the entire population.
32) The average of total annual effective ingestion dose (H) due to the intake of 40 K is 20.0 ± 11.1 μSv y -1 as shown in the Table  1 which is much lower than the average annual effective dose of 0.29 mSv y -1 received per caput worldwide due to the ingestion of natural radionuclides, as assessed by UNSCEAR.
5) The use of salt does not pose any kind of internal hazard to the consumers of salt of Khewra mines.
